Introduction
Wavelength converters are a novel class of photonic integrated circuits that is crucial for multiwavelength fiber-optic communication networks [1] . Such converters switch the flow of information from one wavelength to another. We present here the simulation and analysis of an optoelectronic InP-based tunable wavelength converter ( Fig. 14.1 ) that monolithically combines a preamplified receiver with a postamplified sampled-grating distributed Bragg reflector (SG-DBR) laser diode [2] . We employ the commercial software PICS3D [3] , which was modified for the purpose of this investigation. Our self-consistent physical model takes into account many-body gain and absorption in the quantum wells, carrier drift and diffusion, and optical waveguiding. The time-consuming calculation of many-body spectra is performed externally [4] , based on the theory outlined in Chap. 1 and in [5] . Tabulated spectra of gain, spontaneous emission, and index change are then imported into PICS3D. Performance limitations by saturation effects are the main target of this investigation.
The next section outlines the device structure. Section 14.3 describes physical device models and material parameters, including their experimental calibration. The following Sect. 14.4 investigates each component of the wavelength converter by three-dimensional (3D) steady-state simulation. Timedomain simulations of a similar SG-DBR laser can be found in Chap. 6. Figure 14 .1 gives the schematic design of the wavelength converter [6] . It electrically couples an optical receiver for any input wavelength of the C-band, e.g., λ in = 1525 nm, with an optical transmitter for any output wavelength of the C-band, e.g., λ out = 1565 nm. The receiver integrates signal preamplification by a semiconductor optical amplifier (SOA) and signal detection by a waveguide photodiode (WPD). The optical signal is converted into an electrical signal that directly modulates a SG-DBR laser diode that is integrated with a semiconductor optical amplifier for signal enhancement [7] . The SG-DBR laser can be widely tuned to emit at any wavelength of the C-band [8] .
Device Structure
The device is grown on InP by metal organic chemical vapor deposition; details of the fabrication process are given in [2] . The layer structure of the different components is very similar as all are based on the same epitaxial growth (Table 14.1 ). An offset-multi-quantum-well (MQW) active region is grown on top of the waveguide layer. For lateral confinement of optical field and current flow, a narrow ridge-waveguide structure is etched down to the MQW region. Passive device sections are formed by etching off the MQW.
General Device Physics
The different device types integrated in the wavelength converter (laser, amplifier, detector) exhibit the same epitaxial layer structure as well as some common device physics, which is discussed in this section. Material parameters are listed in Table 14 .2 for binary compounds. They are linearly interpolated to obtain InGaAsP parameters, unless noted otherwise in the following.
Optical Waveguiding
The software solves the scalar Helmholtz equation: where Φ(x, y) represents any transverse component of the optical field, k is the absolute value of the wavevector, and β is the longitudinal propagation constant. The calculated vertical intensity profile is plotted in Fig. 14.2 together with the refractive index profile. The nonsymmetric index profile results in a reduced optical confinement factor for the quantum wells of Γ = 0.06. The 2D profile of the fundamental optical mode is given in Fig. 14.3 for half the device cross section. It is well confined by the p-InP ridge. The narrow ridge width W = 3µm prevents the appearance of higher-order lateral modes, as confirmed by measurements. In propagation direction of the optical wave (z axis), the modal optical intensity P m (z) changes according to:
with g m (z) giving the modal optical gain or absorption due to band-to-band transitions within the quantum well (see next section) and α m (z) giving the modal optical loss caused by other processes. Near 1.55-µm wavelength, optical losses are mainly attributed to intervalence band absorption (IVBA). The IVBA coefficient is considered proportional to the local hole density, i.e., it is only relevant within the quantum wells and within p-doped regions. The local loss coefficient is calculated as:
with the background absorption α b , the electron density n, and the hole density p. The hole coefficient k p = 25×10 −18 cm 2 [10] , the electron coefficient k n = 1 × 10 −18 cm 2 , and α b = 9 cm −1 are employed in our simulations. The background loss is mainly related to photon scattering. The modal loss coefficient α m (z) is obtained by 2D integration over α opt (x, y, z) within each xy cross section, weighted by the optical intensity P opt (x, y, z).
The InGaAsP refractive index n r is calculated as function of the photon energy hν using:
with: Figure 14 .4 shows the energy band diagram of the MQW active region. The unstrained In 1−x Ga x As y P 1−y band gap is given in electronvolts by [12] :
The conduction band edge offset ratio ∆E c /∆E g = 0.4 is employed at all interfaces, which was demonstrated to give good agreement with measurements on similar devices [13] . PICS3D calculates the energy band structure of quantum wells, including strain effects using the 4 × 4 k · p model as published by Chuang [12] . By default, it then uses a free-carrier model to account for radiative carrier recombination within the quantum wells. However, previous investigations have shown that such free-carrier model results in poor agreement with measurements [9] . The many-body model outlined in the first chapter of this book is expected to more accurately describe optical spectra of quantum wells. The correct representation of the entire gain spectrum is of particular importance in our multiwavelength device. Therefore, we here use many-body spectra calculated for our quantum wells and imported into PICS3D. These Photoluminescence Intensity (a.u.)
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Fig. 14.5. Photoluminescence spectra of our MQW active region (dots -measured at 1×, 2×, and 3× pump intensity [14] , solid lines -many-body calculations at carrier densities of 3.8, 6.2, and 7.7 ×10 17 cm −3 , dashed line -normalized freecarrier spectrum).
The dots in Fig. 14.5 show measured photoluminescence (PL) spectra. The emission peak at 1532 nm indicates a slight growth deviation from the intended MQW composition (cf. Table 14.1). The PL peak wavelength can be matched in the simulation by adjustment of the MQW composition, maintaining the measured biaxial MQW strain: 0.6% compressive strain in the quantum wells and 0.3% tensile strain in the barriers. This way, we obtain In 0.685 Ga 0.315 As 0.864 P 0.136 for the quantum well composition and In 0.685 Ga 0.315 As 0.595 P 0.405 for the barrier composition. The adjustment may also reflect inaccuracies in the calculation of the strained quaternary energy band gap. The only unknown parameter of the many-body calculation is the inhomogeneous energy broadening due to structural imperfections of the quantum well. A full-width half-maximum (FWHM) value of 14 meV gives good agreement with the PL measurement (solid lines in Fig. 14.5 ). The quan-tum well carrier density is varied in the simulation to fit the measurement. For comparison, the dashed line shows the normalized free-carrier spectrum with homogeneous broadening of 13.6 meV (scattering time = 0.1 ps). This parameter can be adjusted to find a better fit on the long-wavelength side, however, the PL intensity remains overestimated on the short wavelength side [9] .
The corresponding many-body gain spectra are plotted in Fig. 14.6 , and the gain at fixed wavelengths is given in Fig. 14.7 as a function of carrier density. The wavelength range of interest (1525 -1565 nm) is completely covered by positive gain for carrier densities above 3 × 10 18 cm −3 . The gain spectrum flattens at high densities. At very low carrier density, the manybody absorption spectrum shows a characteristic exciton peak. For comparison, free-carrier gain and absorption spectra are given by dashed lines as calculated with the 4 × 4 k · p band structure model, including valence band mixing. There are significant differences between many-body and free-carrier spectra, which are discussed in the following. At low carrier density, the exciton absorption peak is missing in the free-carrier spectrum because Coulomb attraction between electrons and holes is not considered. At high densities, the free-carrier gain peaks at shorter wavelength due to the missing band gap renormalization caused by many-body interaction. The larger width of the free-carrier gain spectrum is attributed to the smaller density of states resulting from the 4 × 4 k · p model as compared with the 8 × 8 k · p model used in the many-body calculation. Thus, the separation ∆E F of the quasiFermi levels needs to be wider in the free-carrier model to accommodate the same number of carriers in the quantum well. The larger magnitude of the free-carrier gain is unexpected because Coulomb interaction is known to cause gain enhancement [15] . The gain magnitude is proportional to the bulk matrix element: 8) with the electron rest mass m 0 and the material parameter E p , which is interpolated between the binary data given in Table 14 .2. Linear interpolation results in E p = 17.3 eV for our quantum well as used in both the freecarrier and the many-body model. The recent compilation of band structure parameters in [16] suggests a larger number of E p = 24 eV for our case; however, validation of either number requires absorption measurements that are not available for our quantum well material. Thus, some uncertainty remains with the magnitude of gain and absorption in our quantum wells. The quantum well gain at given carrier density and wavelength tends to decrease at very high photon densities S. Such nonlinear behavior (gain compression) is attributed to the depletion of carriers at the transition energy level. This spectral hole burning is due to the finite time required for electrons and holes to fill up the energy levels emptied by stimulated recombination and to reestablish a Fermi distribution. The nonlinear gain is commonly approximated by the phenomenological equation: 9) with the linear gain g 0 and the gain compression coefficient ≈ 10 −17 cm 3 . This nonlinear gain formula is included in our model; however, the effect on our steady-state results is negligibly small because the photon density remains below 10 15 cm −3 . Note that a different form of gain saturation is due to the reduction of the total carrier density by stimulated recombination, which is included self-consistently in our model and which shows strong effects on our results.
Carrier Transport
Drift and diffusion of electrons and holes is calculated by solving the semiconductor transport equations. The current densities are given by:
with the elementary charge q and the mobilities µ n and µ p . The dopingdependent low-field mobilities listed in Table 14 .1 are obtained from [17] using InP values also for InGaAsP due to the lack of experimental data for our quaternary layers. The diffusion constants D n and D p are replaced by mobilities using the Einstein relation D = µk B T/q with the Boltzmann constant k B and the temperature T . The electrostatic field F is calculated from the charge distribution by the Poisson equation:
(ε st ε 0 -electrical permittivity, p D , n A -donor and acceptor concentration).
In our steady-state simulation, the continuity equations:
describe the influence of carrier generation (R < 0) and recombination (R > 0). Emission and absorption of photons in the quantum wells was discussed in the previous section. The total local recombination rate is:
with the stimulated recombination rate: 18) and the defect-related Shockley-Read-Hall (SRH) recombination rate:
Ev−Et kBT (14.19) (n i -intrinsic carrier density, N c,v -density of states of conduction, valence band; E t -mid-gap defect energy). For the radiative coefficient, we assume a typical value of B = 10 −10 cm 3 s −1 and for the SRH lifetimes, τ
There is some uncertainty with these recombination parameters; however, Auger recombination is known to have the strongest impact on InP-based devices and we use the Auger parameter C n as fit parameter to find agreement with the measured threshold current. Auger recombination within the valence band is believed to be negligible in our device (C p = 0) [18] . Figure 14 .8 compares simulated light-current characteristics with the measurement on broad-area Fabry-Perot lasers [9] . The fit results in C n = 10 −29 cm 6 s −1 , which is one order of magnitude smaller than the value obtained in [9] using a free-carrier gain model. This difference can be easily understood. The lower many-body gain requires a higher quantum well carrier density to reach lasing threshold. In order to obtain the same threshold current, the Auger recombination needs to be scaled down. However, our Auger coefficient is still within the rather wide range of values reported in the literature [19] . PICS3D obtains quasi-3D solutions to the transport equations by slicing the device into many transversal xy sections. Within each 2D section, the equations are solved self-consistently and the solutions are iteratively adjusted to the longitudinal photon density S(z). Longitudinal variations of, e.g., the quantum well carrier density are accounted for this way; however, carrier flow in z direction is not considered.
Simulation Results
This section investigates device physics and performance of each converter component. We mainly focus on saturation effects in amplifier and photodetector, which limit the device performance. Experimental device characteristics from the wafer used for the PL calibration in Fig. 14.5 are not yet available for comparison. 
Amplifier
Amplification enhances the optical signal, and it compensates for any losses during wavelength conversion. The SOA should provide maximum signal gain while maintaining linearity between input and output signal. Amplifier saturation results in a sublinear SOA response, and it restricts the maximum output signal. We consider the ideal case of zero facet reflectance and maximum fiberto-waveguide power coupling efficiency of 0.25, as estimated from the modal overlap between fiber and waveguide with perfect alignment. The coupling efficiency may be lower in the actual measurement [9] . The amplifier length is 600 µm in our simulation.
At low input power, the material properties of the SOA are not affected by the amplified light. For such a case, Fig. 14.9 shows the SOA output power as a function of the injection current at different wavelengths. The wavelength dependence can be understood from the gain plots in Figs. 14.6 and 14.7. Power saturation at higher currents is caused by the sublinear dependence of the quantum well gain on current and carrier density. The red-shift of the gain spectrum with higher carrier density gives maximum gain at the longest wavelength for low currents and at the shortest wavelength for high currents. Self-heating of the SOA would cause an additional red-shift of the gain spectrum, and it would lower the gain magnitude, thereby increasing gain saturation. However, the temperature of the wavelength converter is typically stabilized by a thermoelectric cooler [2] . The gain saturation with higher current restricts the maximum SOA gain, but it hardly affects the optical linearity of the SOA, which is investigated in the following. With higher input power, the increasing modal intensity P m (z) leads to increasing stimulated carrier recombination, which reduces the carrier density in the quantum wells as well as the modal gain toward the output facet. Figure 14 .10 visualizes longitudinal variations of electron density, modal gain, and modal power for different injection currents. At low current (15 mA), the electron density is not high enough for amplification because the active region still exhibits net absorption (including optical losses), leading to a decay of the traveling optical wave. At higher current, positive net modal gain causes the light power to increase with travel distance. If the input power is high enough, the photon-triggered stimulated recombination reduces the carrier density with travel distance, thereby lowering the local gain. High modal intensity may cause spatial hole burning near the output facet as illustrated in Fig. 14.11 . The reduction of the quantum well carrier density with higher power is the main reason for the nonlinear amplifier response shown in Fig. 14.12 . The ratio of output to input power gives the amplifier gain, which is plotted in Fig. 14.13 , including fiber coupling losses. At maximum material gain (300 mA), the maximum amplifier gain is about 4 (6 dB) and the -3 dB saturation power is about 25 mW (14 dBm). 
Photodetector
The waveguide photodetector (WPD) is coupled monolithically to the preamplifier, and we neglect any optical coupling loss here. The WPD length is 100 µm in our simulation. Detector saturation effects are mainly related to the accumulation of photogenerated carriers within the quantum wells. Such accumulation depends on the local light power and therefore on the longitudinal position z within the detector. Figures 14.14 and 14 .15, respectively, show longitudinal and vertical variations within the detector at two different input power levels. At low input power (0.1 mW, dashed lines), the quantum well carrier density remains low and the band-to-band absorption is almost constant in longitudinal direction. The photocurrent I ph (z) decays with light penetration depth due to the reduced modal power. At higher input power (1 mW, solid lines), the photogenerated carriers pile up near the front and lead to a reduction of the band-to-band absorption. Therefore, the light penetrates deeper into the WPD and about 5% of the light power remains undetected (light reflection at the rear facet is neglected). The amount of undetected light increases with higher input light, leading to a nonlinear detector response. There is a significant dependence on the input wavelength, which corresponds to the strong wavelength dependence of the absorption spectra shown in Fig. 14.6 . At 1545 nm, 1-V reverse bias, and 1-mW input power, the total quantum efficiency is 75%, which indicates that about 20% of the photogenerated carriers are lost in recombination mechanisms without contributing to the photocurrent. The differential quantum efficiency is 60%, and it further decreases with increasing input power.
The accumulation of quantum well carriers leads to a partial screening of the electrostatic field within the active region (Fig. 14.15 ), hindering the carrier transport to the contacts. Such screening can be reduced by applying a larger reverse electric field. The dashed line in Fig. 14.16 is calculated for 3-V reverse bias, and it shows less nonlinearity than the low-bias characteristic. This leads to an improved differential quantum efficiency of 70% at 1-mW input power. However, the significant saturation calculated for our quantum well detector at relatively low input power may require the use of FranzKeldysh-type detectors in the wavelength converter. Such photon absorption by the reverse-biased waveguide layer shows less saturation effects due to the missing carrier confinement [2] .
Sampled-Grating DBR Laser
A sampled grating is a conventional DBR grating with grating elements removed in a periodic fashion [8] . Such sampling leads to reflection spectra with periodic peaks (Fig. 14.17 ). As the figure shows, the periods of the two reflectivity spectra are slightly mismatched. Lasing occurs at that pair of maxima that is aligned. Each spectrum can be shifted by inducing small refractive index changes in the mirror, thereby changing the emission wavelength by aligning a different pair of reflection peaks. This Vernier tuning mechanism allows for six to eight times the tuning range that is achieved from the index change alone [20] . An overview of the different wavelength tuning mechanisms employed in semiconductor lasers can be found in [21] . Our example device contains five sections (Table 14. 3) [9] . The rear mirror employs 12 periods of 6-µm-long grating bursts with 46-µm period length. The front mirror has 5 periods of 4-µm-long grating bursts with 61.5-µm period length. Both the SG-DBR reflectivity spectra are plotted in Fig. 14.17 . The phase section is used to fine-tune the wavelength. The active section is used for DC pumping of the laser. The gain lever section is connected to the photodiode for direct laser modulation. Figure 14 .18 shows the optical intensity along the longitudinal axis without photocurrent. Both the forward and the backward traveling wave gain intensity in the active section according to (14.2) . Within the SG-DBR sections, each grating burst reflects part of the optical wave and causes a stepwise change in intensity. Figure 14 .19 gives the simulated light-current (LI) characteristics of the SG-DBR laser for two different emission wavelengths. At 1550 nm, the threshold current is 26 mA and the slope efficiency 39%. Due to the lower reflectivity at 1526 nm, threshold gain and quantum well carrier density rise, giving an increased threshold current of 42 mA for this wavelength. The slope efficiency drops to 33%, which is partially caused by the stronger differential change of the Auger recombination. This phenomenon is related to the nonuniform carrier distribution among the quantum wells, which leads to increasing recombination with increasing current, even if the total quantum well carrier density is constant [22] . Current adjustment is required to maintain the same DC power at different wavelengths. Postamplification helps to enhance both the slope efficiency and the signal power. The rear emission is also shown for comparison (dashed lines), it can be used to monitor the output signal. The laser emission spectrum is plotted in the insets of Fig. 14.19 for 13-mW output power. The side-mode suppression ratio (SMSR) is almost 40 dB in both cases, showing that the large tuning range of SG-DBR lasers can be combined with high SMSR.
Here, we cover SG-DBR lasers only briefly because a more detailed discussion and simulation of SG-DBR lasers is given in Chapt. 6. . Light vs. current characteristics for two laser wavelengths (solidfront emission, dashed -rear emission); the insets give the emission spectrum for both cases, including the SMSR at 13-mW front output power.
Summary
We have demonstrated the inclusion of many-body theory into the full device simulation of all components comprising the monolithic wavelength converter. This allows for a more realistic prediction of the device performance at different wavelength. The detailed analysis of microscopic saturation mechanisms helps to improve the design of future converter generations.
